Hydrogen evolution is the main cathodic reaction in the sodium chlorate process. Two types of corrosion products, α-FeOOH (goethite) and γ-FeOOH (lepidocrocite), commonly found on cathodes in the industrial process, and mild steel have been investigated by electrochemical methods to determine the rate constants and transfer coefficients for the hydrogen evolution reaction. The results show that after an initial reduction of the iron oxyhydroxides the activity for hydrogen evolution from water is similar for all three surfaces. Ex situ X-ray diffractions studies were made to reveal structural changes after polarization in the hydrogen evolution region but only the bulk materials were detected. This indicates that the reduction process is limited to the surface layer. The experimental results clearly show that the first electron transfer is rate limiting and the low transfer coefficients indicate that the transition state is closer to adsorbed hydrogen than to water in solution. It is therefore suggested that the active site for water reduction is the protonated surface group ≡Fe(II) − OH 2 + and the mechanism for hydrogen evolution is discussed in the context of the general Volmer-Tafel-Heyrovsky scheme valid for metal surfaces.
Introduction
Mild steel has been the natural choice of cathode material in the sodium chlorate process for decades. It is a low alloyed steel with small amounts of carbon, which is cheap and gives relatively low overpotentials for the hydrogen evolution reaction (HER) [1] . Other cathodes such as Ni and Ni/Mo alloys give lower overpotentials but they are considered as poisons for the process. Nickel ions have shown to catalyse decomposition of the reaction intermediate hypochlorite in the bulk electrolyte [1, 2] , lowering the current efficiency and increasing the oxygen content in the cell gas leading to safety issues. There are also more viable materials but they are still not stable enough to be commercialized [1, [3] [4] [5] [6] [7] [8] [9] [10] . One drawback with the mild steel cathode is that it corrodes severely in the process and needs to be replaced more often than the anode. To prevent the corrosion and to increase the current efficiency sodium dichromate is added to the process. The chromate is reduced in situ to a chromium (III) oxide or hydroxide which efficiently hinders the reduction of hypochlorite on the cathode and acts as a corrosion inhibitor at the shut downs [1, [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Previous studies of the HER on cathodes in the chlorate process have shown differences in the Tafel plots, dE/d(logj), between freshly polished and "corroded" mild steel electrodes [4, [19] [20] [21] [22] [23] . These studies have given valuable information to the industry on the performance of the steel electrodes under process conditions. Yet, kinetic studies are lacking and the electrode surfaces need to be better characterised. Results from previous in-house studies at AkzoNobel Pulp and Performance Chemicals show that corroded cathodes from a well performing sodium chlorate plant had goethite, α-FeOOH, as the main product on the surface. Lepidocrocite, γ-FeOOH, on the other hand was found as the main corrosion product on cathodes from a plant with poor performance with regard to power consumption, see Supplementary information. Since the electrolytic power consumption of the chlorate process requires about 5 MWh per metric ton produced [18] and the yearly production is around 3.6 × 10 6 tons [1] it is of interest to reduce the energy required in the process, both for economic and environmental reasons.
In the present paper α-FeOOH and γ-FeOOH are produced in pure forms and evaluated towards the hydrogen evolution reaction and compared with a fresh mild steel electrode. The objectives of this paper are to determine the mechanism and reaction kinetics for hydrogen evolution on these two iron oxyhydroxides in slightly alkaline electrolyte, mimicking the surface conditions of the cathode in a chlorate cell. The overall goal is to explain the differences in performance found for these two compounds under process conditions.
Experimental
Two different types of electrodes have been used in this study. Electrodeposited electrodes, where the active substances were potentiostatically deposited onto titanium substrate and carbon paste electrodes, where the active substances were synthesized as a powder and mixed with carbon paste. Both electrodes have been tested towards their activity for the hydrogen evolution reaction in slightly alkaline solution. Their activity has been tested against titanium grade 1 and polished mild steel, EN 10277-2-2008, rotating disc electrodes with geometric area 1 cm 2 . The mild steel material contains b 0.06% C, 0.20-0.3% Mn and b 0.01% S.
A conventional three electrode single compartment cell was used with electrolyte volume 150 cm 3 . The electrolyte was continuously purged with nitrogen during the measurements. A cylindrical mesh made of platinum with a geometrical surface area of 55 cm 2 and Ag/ AgCl (Metrohm 6.0724.140) with 3 M KCl (Sigma Aldrich p.a.) inner electrolyte and equipped with a double junction were used as counter and reference electrodes, respectively. The potential of the reference electrode was 210 mV vs. she and all potentials are given with respect to this reference electrode.
The electrolyte solution consisted of 0.200 M Na 2 SO 4 (Sigma Aaldrich p.a) at a pH set to 11 using NaOH (Merk p.a). The slightly alkaline environment was chosen to mimic hydrogen evolution in the chlorate process, where the pH at the surface increases compared with the neutral pH in the bulk solution. All water used was of 18.2 MΩ MilliQ grade and pH measurements were made with a Metrohm 827 pH meter equipped with a Unitrode combi pH electrode (6.0258.000). Two point calibration was made on daily basis using Metrohms own buffers 7.00 and 9.00. Electrochemical measurements, linear sweeps and potentiostatic impedance, were performed with a Gamry Reference 600 potentiostat. The rotator set up was built in house and the rotation speed was externally verified with a Shimpo DT-205 tachometer. Linear sweep voltammetry was performed at 5 mV/s and 2 mV step size going from positive to negative potentials. Different rotation rates were tested but the current is independent of rotation rate and the analysis was therefore made at constant rotation rate, 3000 rpm. The impedance measurements were made potentiostatically with 10 mV rms amplitude and 7 points per decade. An open circuit potentiostatic impedance measurement was always made first. From this measurement the solution resistance could be determined and was used for iR compensation. Fitting of experimental data to an equivalent circuit was conducted using a home-made program.
Electrodeposited electrodes
Both α-FeOOH and γ-FeOOH were potentiostatically deposited onto 1.0 cm 2 rotating disc electrodes made out of titanium grade 1 following the description by Martinez et al. [24] . The titanium electrode was first polished with 4000 grit SiC paper and etched in 5% HF just seconds before the deposition. The potentials used for deposition were −0.150 V for α-FeOOH and 1.000 V for the γ-FeOOH and in total 4 coulombs were passed.
Carbon paste electrodes
A second set of electrodes were prepared using synthesized material and carbon paste. The preparation of α-FeOOH and γ-FeOOH followed the recipes strictly according to Cornell and Schwertmann [25] . The synthesis resulted in wet crystals which were dried for 48 h at 65°C. The pure powder was grinded and mixed with carbon paste (Metrohm 6.2801.020) in a mortar with a ratio of 40/60 wt%. To produce electrodes, the mixture was pressed by hand into a holder with a surface area of 0.097 cm 2 . The choice of using carbon paste electrodes is due to the inactivity of carbon in the potential region of interest together with the possibility to simply add active species in the carbon matrix. Previous studies have shown the applicability of this method for studying the electrochemical behaviour of sparingly conductive materials and bulk materials [26] [27] [28] [29] [30] .
Surface characterization
X-ray diffraction (XRD) was used to analyse the deposits as well as the synthesized iron oxyhydroxide powders. A Siemens D5000 diffractometer (Cu Kα = 1.5418 Å radiation) with an incident angle of 5°s erved the purpose.
Surface imaging was made with scanning electron microscopy (SEM). A Leo Ultra 55 SEM equipped with a field emission gun was used for this purpose. The inlens secondary electron detector was used for imaging and the acceleration voltage was between 2 and 3 kV.
Results and discussion

Electrodeposited electrodes
To investigate the stability and properties of the iron oxyhydroxide species linear sweeps were made at 5 mVs vs. Ag/AgCl. This is shown in Fig. 1a for deposited material and in Fig. 1b for the synthesized materials mixed with carbon paste. The currents density is smaller for the electrodeposited materials but the general behaviour is the same for the two types of electrodes. A reduction peak is observed for the gamma phase before the hydrogen evolution starts. For the alpha phase there is a cathodic current flowing related either to capacitive charging and/or reduction, but no peak is observed. Further experiments are necessary to clarify the origin of the current preceding hydrogen evolution. The reduction peak of the gamma phase has been discussed in the literature [31] [32] [33] [34] . There is a general consensus that an Fe(II) species is formed. According to previous studies, the nature of the reduced species depends primarily on pH and magnetite is the dominant surface product for pH values where the Fe 2+ (aq) is the main species in solution, reaction (1) [33, 34] .
At higher pH values Fe(OH) 2 is the dominant species on the surface [33] . At the pH used in the present paper, pH = 11, Fe(OH) 2 (aq) is the main hydrolysis product in solution and in equilibrium with solid Fe(OH) 2 (s) the concentration in solution is restricted to μM levels [ 35, 36] . Under these conditions the reduction can rather be considered as a solid state reduction, reaction (2) .
The re-oxidation has also been studied and both γ-FeOOH and magnetite/maghemite were found depending on the oxidation potential and electrolyte composition [31, 33, 34] . For α-FeOOH mainly reductive dissolution in acid solution has been studied [37, 38] Fig. 2 . This could indicate that the reduction stops at the surface of the gamma phase but on the alpha phase it maintains further into the film.
Images from SEM, before and after the potentiostatic period, can be seen in Fig. 3 together with the corresponding XRD diffractograms. The XRD diffractograms show preservation of the original phases. This is in agreement with the SEM images where no major differences in the morphology of the two phases are seen although for the γ-phase the crystals seem to be slightly etched.
The single peak for the gamma phase shows a strict preferred orientation of the (1 0 1) reflection. To verify that the deposited material was indeed γ-FeOOH, the material was scraped off the electrode and analysed as a powder. The resulting diffractograms clearly show the gamma phase, Fig. 3 . Also for the alpha phase preferred orientation is observed but to a lesser extent compared with the gamma phase. Preferred orientation was also observed in the work done to develop the technique of electrodeposition of the two materials [24] .
After polarization no new peaks appear in the diffractogram for the gamma phase but for the alpha phase there are some additional peaks at high 2Θ angles. However, these peaks correspond well to the alpha phase and hence no new crystalline phases could be detected. The reduction to Fe(II) and dissolution of the outermost layers or small changes in the surface composition can't be excluded. Nevertheless, the major part of the phases is maintained and is therefore considered stable for the electrochemical investigation of the hydrogen evolution reaction.
Investigations of the hydrogen evolution on the deposited α-and γ-FeOOH proved to be difficult. As soon as the gas started to evolve the deposits broke off from the electrode and fell down in the cell. This was also seen in the voltammograms, where a lot of noise was detected after just a short period of time. Comparing the activity for the oxyhydroxides with the pure titanium substrate it is clear that the titanium is more active than the deposits, Fig. 4 . As a consequence, the hydrogen evolution takes place on the substrate rather than on the deposits, which actually blocks the surface. Thus, the hydrogen formed on the titanium surface will break off the deposits as was observed experimentally. Instead, α-and γ-FeOOH were mixed with carbon paste for the kinetic study. The comparison between deposited material and the same material mixed with carbon paste may be influenced by the structuring of the deposited layer.
Carbon paste electrodes
The synthesized phases of α-and γ-FeOOH were analysed with XRD, Fig. 5 . The XRD show the expected phases with minor preferred orientations compared with the electrodeposited species.
To fully understand and evaluate the kinetics for the hydrogen evolution reaction on the different iron oxyhydroxides, three different analyses were made using the transient current from the potential sweep, steady state current at 10 mHz measured by impedance, and charge transfer resistance obtained from impedance spectroscopy, respectively. These methods are used to give internal validity of the rate constants obtained. To calculate the kinetics from the charge transfer resistance, impedance measurements were made at different potentials. The resulting impedance was fitted to a simple equivalent circuit, Fig. 6 , and the charge transfer resistance, R ct , for each potential was used to calculate the kinetic current Eq. (3) [39] , where η is the overpotential. The experimental data, calculated currents from the charge transfer resistance, currents from linear sweeps and steady state measurement were fitted to the theoretical Eq. (4), applicable for an irreversible electron transfer reaction, to find the rate constant k 1 and the transfer coefficient α. Temperature was set to ambient and E 0 was calculated for pH 11 and related to the Ag/AgCl reference electrode.
F is the Faraday constant, R the gas constant, T the temperature in K, A the geometrical electrode area, n the number of electrons and E 0 the standard potential for the reaction. A summary of k 1 , α and the Tafel slopes is given in Table 1 . The rate constant k 1 for hydrogen evolution on α-FeOOH and γ-FeOOH depends on the state of the surface. For the first sweep in negative direction k 1 is 5 to 10 times lower, which is in line with the lower activity seen for the first sweep in Fig. 7 . After the initial reduction, the three different techniques are all showing similar results. Previous studies of the hydrogen evolution reaction in alkaline electrolyte have shown kinetic constants on pure iron in the range of 3.5·10 − 10 (mol m − 2 s − 1 ) for linear sweeps [40] and 5.81·10
) for steady state measurements [41] . The corresponding α values were 0.4 and 0.56, respectively.
Comparing with the results from the present study on mild steel the opposite is found, i.e. lower kinetic constants are found for the steady state measurements while higher values are obtained from the linear sweeps. The transfer coefficient α is in the present study 0.30 for both techniques.
The α-and γ-phases of the iron oxyhydroxide show similar kinetics towards hydrogen evolution. Compared to the mild steel electrode they have higher reaction constant but lower transfer coefficient, i.e. higher Tafel slopes. This gives the electrodes similar activity at low currents but as the current increases to 2-300 mAcm −2 , industrial production levels, the oxyhydroxides will have higher overpotential than mild steel.
There is one concern about the α-and γ-phases in the study when looking at log i/E graphs for the different electrodes. In Fig. 7 it can be seen that neither the steady state current measurements nor the second linear sweep made after the steady state measurements are similar to the response of the pristine sample. In fact these measurements are more similar to those on the mild steel electrode. The curvature at high overpotentials is appearing due to large amounts of hydrogen gas which was seen sticking to the carbon surface leading to higher resistance that can't be compensated for. Since the phenomena of changed kinetics on the α-and γ-phases seemed to remain the electrodes were analysed with XRD to look for new phases such as magnetite or Fe(OH) 2 as discussed above, Section 3.1 and Fig. 3 . However, no new phases could be detected indicating that the reduced surface layer is thin. The fact that the hydrogen evolution kinetics are similar for α-and γ-FeOOH after the first reduction scan supports the formation of an Fe(II) species on the surface. Since the potential is kept below −0.2 V vs. Ag/AgCl the surface will not be re-oxidized and the hydrogen evolution takes place on the reduced surface. On the solid mild steel electrode only a thin layer is formed on the surface under reducing conditions but the similar reaction kinetics also for this surface indicates that the same active sites are operating.
Mechanism of hydrogen evolution
It seems plausible that water reduction takes place on a reduced surface with Fe(II) sites. From the electrochemical measurements it is demonstrated that the first electron transfer is rate limiting forming adsorbed hydrogen on the hydroxide surface. Since the transfer coefficient is fairly low the transition state is closer to H ads than water in solution. This implies that surface groups are reduced and there is a charge distribution in the active site with more positive charge on iron than expected for the formal oxidation number of 2. Oxides and hydroxides exhibit acid-base behaviour in aqueous solution and for goethite and lepidocrocite a summary of experimental values for the pH of zero charge (pzc) can be found in [42] . For Fe(OH) 2 there are no experimental pzc values available but the pzc can be estimated by the relationship between minimum solubility and pzc [43] to be around 11 [36] . The surface groups are not fully coordinated by lattice atoms and the surface charge is entirely determined by the pzc and pH of solution. The surface site ≡Fe(II)\ \OH 0 can be protonated or deprotonated depending on pH and are given below in the context of the 2pK model [44] .
The mechanism of hydrogen evolution can be formulated by assuming that the protonated surface groups are more prone to be reduced in the rate limiting electron transfer reaction forming adsorbed hydrogen on the hydroxide surface.
The remaining steps can be regarded similar to the Tafel and Heyrovsky steps found for metals, reactions (8) and (9).
The ≡Fe− OH 2 + groups are regenerated according to reaction (5).
Conclusions
In this study the electrochemical kinetics of the hydrogen evolution reaction under slightly alkaline conditions has been studied on mild steel, α-FeOOH and γ-FeOOH. The results clearly show that the first electron transfer reaction is rate limiting with Tafel slope in the range of 200-250 mV/decade. Initially the activity for the hydrogen evolution reaction on α-FeOOH and γ-FeOOH is lower than for mild steel and reduction of the oxyhydroxide takes place, presumably forming Fe(OH) 2 on the surface. The activity changes with time and for steady state currents the oxyhydroxides show activities similar to mild steel. The rate constant (k 1 ) for hydrogen evolution was found to be (2.3 ± 0.3) · 10 −9 for α-FeOOH, (3.0 ± 0.2) · 10 −9 for γ-FeOOH and (2.1 ± 0.2) · 10 − 9 mol cm − 2 s − 1 for mild steel. These results indicate that the reduced surface is the same on all three surfaces and that the Fe(II) surface sites are active for hydrogen evolution from water. The low transfer coefficient indicates that the first electron transfer takes place to a surface site and a mechanism is formulated in the context of surface complexation and acid base properties of the active groups.
From an industrial point of view these results suggest that start-ups of sodium chlorate plants with corroded cathodes will have high overpotentials for hydrogen evolution, which gives lower current efficiencies in the process initially. Since α-FeOOH is more readily reduced it is believed that the time to reach normal conditions in the plant is much shorter when this species is formed on the cathodes compared to cathodes with γ-FeOOH as preferred corrosion product. 
